In February 2011, the Polarimetric Airborne Radar Ice Sounder (POLARIS) was flown in Antarctica in order to assess the feasibility of a potential space-based radar ice sounding mission. The campaign has demonstrated that the basal return is detectable in areas with up to 3 km thick cold ice, in areas with up to several hundred meters thick warm shelf ice, and in areas with up to 700 m thick crevassed glacier ice. However, major gaps in the basal return are observed, presumably due to excessive absorption, scattering from ice inclusions in the firn, low basal reflectivity, and the masking effect of the surface clutter. Internal layers are observed down to depths exceeding 2 km. The polarimetric data show that the internal layers are strongly anisotropic at a ridge, where the ice flow is supposed to be highly unidirectional. In case of space-based ice sounding, the antenna pattern cannot offer sufficient surface clutter suppression, but improved clutter suppression has been demonstrated with novel multi-phase-center techniques.
INTRODUCTION
Space-based radio echo sounding (RES) of the continental ice sheets can potentially offer full coverage as well as uniform data quality and sampling. Due to ITU regulations, a space-based sounder must operate at P-band (435 MHz), a higher frequency than commonly used for sounding [1] . In order to assess the feasibility of space-based RES, ESA commissioned the Technical University of Denmark (DTU) to develop a P-band polarimetric airborne radar ice sounder (POLARIS) [2] , and in February 2011 it was deployed for the first time in Antarctica where it was flown on a Basler DC-3T aircraft. POLARIS data were acquired in Queen Maud Land and over Adelaide Island at the Antarctic Peninsula. The campaign was part of the ICEGRAV project, a DTU airborne geophysics project in cooperation with University of Texas (UT), the Norwegian Polar Figure 1 Near EPICA/Kohnen the bedrock is seen at a delay of about 35 μs.
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The campaign has provided a huge dataset suitable for an assessment of space-based RES in terms of: 1) the attenuation of P-band signals in various ice types, 2) the ability to detect deep internal ice layers, 3) the potential of radar polarimetry for the observation of ice anisotropy, and 4) the suppression of surface clutter by means of novel multi-phase-center techniques.
First results addressing these issues are presented in this paper.
ATTENUATION
The two-way attenuation of the radar signal depends on the ice attenuation as well as the backscattering at the basal interface, and the two contributions cannot easily be separated [3] . In turn, the ice attenuation has an absorption term, which is highly temperature dependent, and a scattering term, e.g. caused by crevasses in glacier ice or ice bodies included in firn. The scattering term is significantly higher at P-band than at VHF frequencies. On this back- Figure 2 The crevassed Jutulstraumen glacier seen from the cockpit (top image). In the POLARIS profile (bottom image) the glacier is seen in the middle, where the ice is particularly thick. The fact that the ice is floating, is seen from the negative correlation between the surface and base elevations. The double bounce return is reflected at the surface, the aircraft, and again at the surface. The radar data are shown as the range derivative of the logarithm of the amplitude.
ground, P-band data have been acquired over thick, cold ice (e.g. at the EPICA/Kohnen ice core site (75°0.10' S, 0°4.07' E), over warm shallow ice (e.g. the Fimbul Ice Shelf and Adelaide Island), and over dynamic ice (e.g. the Jutulstraumen Glacier). Figure 1 shows that the bedrock can be detected at the EPICA site, where the ice is 2774 m thick, and Figure 2 shows that POLARIS can penetrate through 800 m thick, crevassed glacier ice. The warm shelf ice can also be penetrated as seen in Figure 3 . Bedrock echoes are detectable down to about 3 km, but not consistently, and in large parts of the profiles, the bedrock is not detectable by visual inspection. The 60 MHz HiCARS simultaneously operated by UT has detection gaps, too, but the coverage is higher. Figure 3 An ice rise in the Fimbul ice shelf. In addition to the two double bounce returns indicated, a weaker signal is seen to the left between the basal return and the double bounce surface return. This signal is reflected at the basal interface, the surface, and again at the basal interface.
INTERNAL LAYERS
Internal layers are caused by abrupt changes of ice density, ice acidity (e.g. due to volcanic ashes), or crystal orientation fabrics (COF). Such layers are isochrones and therefore of great glaciological interest. Examples are seen in Figure 3 and Figure 4 .
Since the amplitude of acidity-based reflections is inversely proportional to the frequency [4] , internal layers could be less visible at P-band than at the more commonly used VHF ice sounder frequencies. Nevertheless, in POLARIS data from Queen Maud Land, south of the Norwegian station Troll, internal layers are consistently observed down to more than 2 km depth. Figure 3 shows that also in the warm ice rises surrounded by shelf ice, internal layers are seen, though barely visible at steep slopes, where the current Doppler processing is not optimal.
ICE ANISOTROPY
Since a prevailing ice crystal orientation may result from mechanical deformation of the ice, COF offer information on the evolution of the ice sheets in terms of the stress and strain history. COF also implies anisotropic flow properties, which have to be considered when modeling future changes of the ice sheets. Located on a ridge, the ice at the EPICA/Kohnen site is expected to have a high degree of orientation. In addition, the ice core is a valuable reference.
Polarimetry seems to be a promising tool for COF measurements [4] . The results in Figure 4 are similar to previous results from Greenland [5] , [6] in the sense that the internal layers at HH and VV polarizations differ (along Figure 4 Polarimetric data from the EPICA/Kohnen site. POLARIS employs overlapping shallow and deep sounding windows to improve the sensitivity, and the deep sounding data have a coarser resolution.
track and across track polarizations, respectively). This would not be the case for isotropic ice. The internal layers seen at HH and VV polarizations are identical near the surface. This suggests that the internal layers are due to density variations near the surface, where the firn is not yet compacted into solid ice and where a prevailing COF has not yet developed.
SURFACE CLUTTER SUPPRESSION
Due to the curved wavefront of a propagating pulse, offnadir surface echoes will be received simultaneously with the nadir return. Figure 5 illustrates that surface pixels at LHS and RHS are located at the same electrical distance from the radar, as the corresponding nadir pixel. This way, the weak depth signal of interest may be masked by the off-nadir surface clutter signals.
For space-based ice sounding, surface clutter suppression (SCS) calls for novel techniques, e.g. based on multi-phase-center antennas [1] . POLARIS data compliant with such techniques have been acquired over flat, sloped, and crevassed terrain, and SCS processing has been initiated but is subject to further studies. Some of the SCS algorithms addressed include preprocessing in terms of estimation of the arrival angle of the impinging surface echoes, as a function of range [7] . The first results of this preprocessing agree with simulations, which verifies that the acquired data are useful for development of multi-phase-center processing techniques.
Regarding the full SCS algorithms, first results are shown in Figure 6 . Results for two variants of the algorithm are presented: one estimating the arrival angle from the preprocessing (maximum likelihood) [8] , and one based on a flat-surface simulation of the arrival angle [9] . Beam-steering is included as a reference where the beam is steered towards nadir by coherently summing the channels corresponding to the full aperture.
It is seen that down to 85 m and between 200 m and 300 m the algorithm based on estimated arrival angels suppresses a significant amount of clutter compared to the beam-steering algorithm. This is consistent with the surface clutter expected from the transmit pattern and the beam-steered receive pattern. In the interval between 85 m and 200 m and at the region around 30 m the two curves coincide, which can be explained primarily by lack of surface clutter near the nulls of the antenna patterns, as illustrated by the pattern overlay in the figure.
Since the data are acquired over a flat scene, the algorithm based on the simulated arrival angels is seen to provide a suppression similar to that of the data-driven variant, except for the region around the wide null where the performance of the simulation based variant is inferior, presumably due to volume clutter. The performance is also inferior near nadir where the SCS algorithm is highly sensitive to angle derivations.
CONCLUSION
A preliminary analysis of the POLARIS data acquired in Antarctica shows that an airborne P-band ice sounder can penetrate several hundred meters of warm ice and more than 3 km of cold ice, but due to excessive attenuation, the basal return has gaps. Internal layers are seen in many ice types, and ice anisotropy has been mapped with polarimetry. Novel surface clutter suppression methods are under development, supported by ICEGRAV data. 
